In this paper experimental results obtained by both 75 As NQR and EPR spectroscopy are presented for the three-component system As-Sb-Se. 
Introduction
Investigations of disordered solids such as chalcogenide glassy semiconductors are currently of great interest because this class of materials holds great potential for diverse technological applications. Recently nuclear quadrupole resonance (NQR) spectroscopy has been employed to study the structure of disordered solids [1] [2] [3] [4] [5] [6] . A second spectroscopic method that has been used for the same goal is the electron paramagnetic resonance * E-mail: glotova@amu.edu.pl (EPR) spectroscopy [7] . From these two methods information can be drawn about a short range atomic order in glassy solids, thus by studying glassy chalcogenides with NQR and EPR simultaneously one should be able to fully characterize the electronic structure and local ordering in the aforementioned materials.
Experimental
Samples of the glassy semiconductors were synthesized from elementary substances of the same grade of purity. The total mass of the glassy alloy obtained was 5 g. The synthesis was conducted in a vacuum (10 −3 −10 −4 mm Hg) in quartz ampoules. The synthesis conditions were chosen depending on the melting point of ingredients, the pressure of their vapours, etc. The chalcogenide glass samples containing germanium (Ge -melting point 936°C) were synthesized at 900 − 950°C and the remaining samples at 700°C. All germanium containing composites were cooled and hardened at atmospheric pressure. The As-Sb-Se samples containing small quantities of Sb were cooled in an oven with its power turned off whereas samples of composition (As 2 Se 3 ) 0 5 (Sb 2 Se 3 ) 0 5 were hardened at atmospheric pressure. NQR frequencies were measured at liquid nitrogen temperature (77 K) on a pulsed Fourier transform NQR spectrometer of type NQS-300 (0 5−300 MHz) purchased from MBC Electronics. 75 As, 121 Sb and 123 Sb-NQR spectra of the studied compounds were recorded by the standard method of a magnitude Fourier transform of the Hahn spin-echo sequence. The duration of the first pulse was 5 µs, the interval between pulses was 75 µs, and the repetition period was 150 ms. The sampling period was 0 1 µs and the number of accumulations used was equal to 1000.
The very broad (about 20 MHz) 75 As NQR spectral line is a characteristic feature of the studied vitreous semiconductor. The NQR lines for all these samples are very broad and only the part of a line can be excited by the r.f. pulse normally used in an NQR spectrometer. The form of spin echo signals in this case is essentially transformed, since it depends on the relation of nutation frequency ω 1 to the width of a measured line ∆ω 0 , i.e. As-NQR spectra of As-Ge-Se systems (Fig. 2) . The EPR signals were observed with a Bruker EPR spectrometer, EMX type, working at a frequency of 9 GHz. The measurements were performed at temperatures of 300 K and 77 K. To calibrate the spectrometer and enable a calculation of the concentration of paramagnetic centers in the samples under investigation a weak pitch standard sample from Bruker with a concentration of 10 13 spins per centimeter was used.
Results and discussion
It is well known [8] that the 75 As-NQR spectrum of crystalline As 2 Se 3 consists of two narrow lines (the black solid lines in Fig. 1 and Fig. 2 ), corresponding to two inequiv- alent As atoms in a unit cell. These lines are very helpful in the interpretation of the NQR frequencies of the studied vitreous semiconductor. Furthermore, there are three NQR lines of crystalline Sb 2 Se 3 in the range of the studied frequencies (the black dashed lines in Fig. 1 ) [8] .
The great width of the NQR spectrum is caused by the distribution of the electric field gradient (EFG) because of the distorted valency angles in the unit cells of As 2 Se 3 and Sb 2 Se 3 in their glassy state. The NQR frequencies of As-Ge-Se systems decrease with increasing concentration of arsenic. This effect is not observable in As-Sb-Se systems. The arrangement of antimony, arsenic and selenium in the periodic table determines the covalent character of interaction between these atoms [9] . On the grounds of previous studies one may assume that present systems consist of complex structures. The main structural units in such glasses are As 2 Se 3 or Sb 2 Se 3 and their description can be found, for example, in [10, 11] . As shown in Fig. 1 , there are two Sb-NQR lines (corresponding to the Sb 2 Se 3 units) and two 75 As-NQR lines (corresponding to the As 2 Se 3 units) in the range of frequencies studied (48 − 69 MHz) ( Table 1) . We do not observe one of the possible five NQR lines. We assume this one 123 Sb-NQR line is not observable because its intensity is too weak (in comparison to 121 Sb) or some of resonant lines overlap. The NQR spectra of As-Ge-Se systems consist of only two 75 As-NQR lines and their frequencies change in relation to the lines of crystalline As 2 Se 3 . The shift de-pends on their composition. As can be seen in Fig. 2 the frequency of the 75 As-NQR line decreases compared to crystalline As 2 Se 3 with decreasing concentration of germanium. This can be explained by an increasing number of As 4 Se 4 structural units having As-As bonds [5] . One cannot exclude the possibility of the presence of As 4 Se 6 clusters in this structure as they probably originate when heating the glass during its preparation [12] . Although As-As bonds are absent in the As 4 Se 6 structural unit there are new non-equivalent positions of the arsenic nuclei which contribute to the broad lines of the 75 As-NQR spectrum. The results of our study imply that the electric field gradients on As and Sb nuclei in As-Se-Sb systems and crystalline As 2 Se 3 and Sb 2 Se 3 are very similar. Ternary compositions of As-Sb-Se have not yet been investigated by the EPR method. For all the samples investigated, the EPR signal, as shown in Figure 3 , is observed as a single broad isotropic line in the absence of hyperfine structure and with the spectroscopic parameters shown in Table 2 Regarding the line width, it can reasonably be assumed that the apparently broad line is in all probability a complex spectrum. To confirm this and obtain more detail further studies of the EPR spectra of such optically excited systems would be required. Perhaps such studies would allow an interpretation of these materials as having the hole-centers located on the chalcogen atom and electron centers localised on the arsenic atom. This would point to an increase in the total line width with increasing Se acceptor content, which delocalises the unpaired electron in an atom of arsenic.
Conclusion
We The EPR spectra of the natural paramagnetic centers in glasses of the composition As-Sb-Se were measured. The concentrations of paramagnetic centers in the chalcogenide glassy semiconductors, the -factor and line width were determined in the monolithic amorphous samples and found to be dependent on their composition. A hypothesis about the presence of hole-conductivity centers localized on chalcogen atoms and conduction electron centers localized on the arsenic atoms was formulated.
